P. gingivalis is considered a major pathogen for periodontitis. In the process of identifying candidate antigens for a vaccine, two shotgun proteomics workflows by different solubilization and digestion methods were investigated in identifying outer membrane proteins (OMPs) of P. gingivalis. The first approach utilized the direct organic/detergent solubilization and separation in the studies of P. gingivalis membrane proteome. The second approach primarily used one-dimensional (1D) sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis (PAGE) of enriched membrane protein fractions, which relies on the solubilizing efficiency of the SDS and separation gel for OMPs. All of them followed by protein digestion and two-dimensional liquid chromatography-tandem mass spectrometry (2-DLC-MS/MS) to identify proteins. It was found that the second approach has been successfully applied to a Gram-positive pathogen for the first time, and the adaptation to Gram-negative P. gingivalis in our study yielded an even better result than the first approach. Thirty four OMPs were discovered by 1D-SDS-PAGE/2-DLC-MS/MS from four strains of P. gingivalis. Nine of them were shared by all the four serotypes. The method described here presents a system that can rapidly identify the outer membrane proteome of Gram-negative bacteria, which may prove valuable in vaccine development.
INTRODUCTION
Periodontal diseases are a group of chronic inflammatory conditions characterized by the destruction of the alveolar bone and the supporting connective tissue surrounding the teeth (Albandar, 2005) . The occurrence and development of periodontitis depend on the periodontal pathogens and host immune defense mechanisms. P. gingivalis, a gram-negative, black-pigmented anaerobe, is recognized as one of the primary extracellular pathogens of aggressive and chronic periodontitis (Amano, 2003) . If immunization could provide the host with improved anti-P. gingivalis cell-specific immunity, it should be possible to reduce pathogens and prevent periodontitis.
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potentially important in the occurrence of periodontal diseases (Yoshimura et al., 2009) , which are likely to mediate bacterial communication and chemical sensing within the environment and have a variety of epitopes and conservative sequence structure as well as easy contact with the host immune system. As such, they are regarded as being of central importance as the basis for novel vaccines (Cullen et al., 2004; McMillan and Chhatwal, 2005) . To date, a few OMPs (about twenty two) (Imai et al., 2005) , including Rgp and Kgp (Shi et al., 1999) , 40-kDa OMP (Katoh et al., 2000) , Omp28 (Slakeski et al., 2002) , RagA and RagB (Shi et al., 2007) , etc. have been explicitly identified in P. gingivalis, and different strategies have confirmed that most of them have a good immune protection effect (Koizumi et al., 2008; Pathangey et al., 2009 ). In the past, most OMPs discoveries were based on the application of the traditional serum antibody method, a complicated and time-consuming procedure. Recently, high-throughput proteomics methods have been employed to screen for vaccine antigens (Grandi, 2001) . The biggest advance in these methods has been the development of a technique termed 'shotgun proteomics' or multidimensional protein identification technology (MudPIT), which does not have the bias against membrane proteins and it has led to a better understanding of the microbial OMPs (Wu et al., 2003; Wu and Yates, 2003) .
Proteome analysis by gel-free 'shotgun proteomics' relies on the simplification of a peptide mixture, and it is still a challenge for dissolving the hydrophobic proteins in a suitable solvent system compatible with enzyme digestion before it is analyzed in an MS. Zhang et al. (2007) found that compared with the detergent (1% sodium dodecyl sulfate, SDS) method used for Escherichia coli membrane proteome analysis, the organic (60% methanol) method detected more hydrophobic peptides with identification of a greater number of proteins. Walters and Mobley (2009) suggest that the conventional 1-D (one-dimensional) polyacrylamide gel electrophoresis (PAGE) and isoelectric focusing (IEF) separation proved to be more powerful pre-digestion protein fractionation methods, and IEF-IEF and strong cation exchange (SCX) work best at isolating these proteins. These methods also result in identification of greater numbers of proteins for Synechocystis sp. PCC 6803 (Gan et al., 2005) .
But, Xiong et al. (2005) thought that IEF was impractical because of the insolubility of the membrane proteins under the conditions required for the isoelectric focusing step. They believed that the membrane proteins were easy soluble in SDS buffers and the degree of separation of a 1D-SDS-PAGE gel was sufficient to allow the identification of hundreds of proteins. They successfully applied this approach in Gram-positive pathogen Mycobacterium tuberculosis H37Rv, and proved that it was a most efficient way to identify the proteins contained in the membrane fraction.
It is also necessary to explore a variety of inter-strain differences in protein expressions and to find crossprotective effects of outer membrane proteins that may prove useful as vaccine candidate antigens. Because at least 78 P. gingivalis clones have been identified in human periodontal isolates, it is next to impossible to identify a common P. gingivalis component existing in all subtypes. Fan et al. (2000) have evaluated the extent and nature of the antigenic cross-reactivity and identified shared antigenic components among isolates of P. gingivalis by enzyme linked immune sorbent assay (ELISA). Isolates of P. gingivalis selected to represent the four serotypes were ATCC 33277 (serotype A), A7A1-28 (serotype B), W50 (serotype C) and 381 (serotype D). By using sonicated antigens, Nagata et al. (1991) corrected immunoelectrophoresis, and referenced strains of P. gingivalis strains 381, hara 1 (serotypes I), strain JH4 (serotype II), strains W50, W83 (serotype III), and strain ATCC 33277(serotypes IV).
Yang et al. 5981
In the present report, we first examined two protein solubilization and separation methods for P. gingivalis membranes proteome followed by protein digestion and 2-DLC-MS/MS analysis of the peptides, the non-gelbased method organic/detergent and gel-based 1D SDS-PAGE methods. Second, we detect four representative strains of P. gingivalis (ATCC 33277, isolates W83, 301 and 381) and attempted to isolate common OMPs that may be potential vaccine candidate antigens.
MATERIALS AND METHODS

Bacterial strains, media, and growth conditions
Four representative P. gingivalis serotypes were selected, including ATCC 33277 (serotype I), 301 (serotype II), W83 (serotype III) and 381 (serotype IV). Cultures were grown in GAM broth (Murakami et al., 2004) supplemented with vitamin K1 (1 μg/ml; Sigma) and hemin (5 μg/ml; Sigma). Bacterial cells were cultured statically at 37°C in an anaerobic chamber containing 5% CO2, 10% H2 and 80% N2 to exponential phase to an optical density at 550 nm (OD550) of 0.8 to 1.0 for all studies.
Preparation of bacterial membranes
Outer membranes of P. gingivalis were prepared by Ultrasonic Cell. Disruption and ultracentrifugation was adapted from Imai et al (2005) . Briefly, bacteria were extracted by mechanical cracking via ultrasonic waves (UP200S, Heilscher, Germany). Whole-cell lysate was subjected to ultracentrifugation (100,000 × g, 60 min, 4°C) using a Beckman 100.2 rotor (H18-80M, Beckman, USA). The membrane pellet was then re-suspended in an equal volume TrisMg buffer, composition to be indicated with 2% sodium-lauryl sarcosinate and incubated at 37°C for 30 min to solubilize the inner membranes. The outer membranes were subsequently collected by ultracentrifugation (70,000 × g, 60 min, 4°C).
Solubilization of membrane proteins by 'organic/detergent' and trypsin digestion
Proteins in the outer membrane pellet from P. gingivalis were solubilized using an organic solvent followed by a detergent, similar to the approaches taken by Walters and Mobley (2009) . Briefly, membrane proteins were quantified using the BCA Protein Assay (Beyotime Institute of Biotechnology, China) and 300 μg proteins were solubilized with 60% methanol. The proteins insoluble in the organic solvent were recovered by ultracentrifugation (100,000 ×g, 1 h, 4°C). The pellet was solubilized with a 1% solution of the anionic detergent SDS. Dithiothreitol (DTT) was added to a concentration of 10 mM to both the organic and detergent fractions. 20 mM Iodoacetic acid (IAA) was used to alkylate free thiol groups for 30 min while it was protected from light. Proteins in the methanol and SDS fractions were digested with 10 μg of trypsin overnight at 37°C.
Separation of membrane proteins by 1D SDS-PAGE and In-gel trypsin digestion
The same amount of P. gingivalis outer membrane proteins (300 μg) was applied on a bis-Tris gel (bis[2-hydroxy-ethyl] imino-tris [hydroxymethyl] methane) (Invitrogen Life Technologies, USA). The composition of 1-D gels was 10% for the stacking gel and 5% for the resolving gel. The sample was loaded into the well, with mediamolecular-weight markers (Pierce Biotechnology, USA) as standards, and run in the mini-Protean electrophoresis system (Amersham Biosciences) at 90 V for 1 h. Subsequently, the gels were stained using Coomassie Brilliant Blue R-250 for 2 h on an orbital shaker at room temperature, and deionized water was used to de-stain the gels overnight on an orbital shaker at room temperature.
The entire gel lane was cut into five 1-mm 3 pieces and subjected to in-gel tryptic digestion similar to the approaches adopted by Gan et al. (2005) . Briefly, gel pieces were destained and dehydrated using acetonitrile (ACN). And then, the samples were reduced with a final concentration of 10 mM DTT, followed by alkylation with 60 mM IAA and 50 mM NH4HCO3. After alkylation, gel pieces were completely dried prior to adding trypsin in a 1:20 to 1:100 mass ratio overnight at 37°C. Peptides were extracted once by a treatment with 5% formic acid, twice with 50% ACN in 5% formic acid, and in a final step with 100% ACN.
Fractionation of peptides by strong cation exchange and reversed-phase chromatography
The pH of both the organic/detergent solubilization peptides and 1D SDS-PAGE separation samples was adjusted to pH 2.8 with concentrated hydrochloric acid. Orthogonal 2-D LC-MS/MS was performed using a ProteomeX Workstation (Thermo Finnigan, San Jose, CA). For the first dimension, SCX separation was performed on a strong cation exchange column (SCX, 320 µmID×100 mm, DEV SCX, Thermo Hypersil-Keystone) following the manufacturer's protocol. Briefly, solvent A was 0.1% trifluoroacetic acid (TFA) in 15% ACN, and solvent B was the same as A, but with 0.5 M NaCl. Before sample injection, the pH value of the digested sample was adjusted to 2 by adding 0.1% TFA. From 15 to 35 min, 1 min fractions were collected. Only the fractions showing UV absorption were analyzed. The first two and the last three of these fractions were pooled into two fractions, as they had low UV absorption signals. Thus, the first-dimension separation resulted in a total of six fractions. Each fraction was reduced to about 50 ml by vacuum centrifugation to remove the ACN.
For the second dimension, six fractions peptides were performed using a surveyor LC system on a C18 reverse phase (RP) column (RP, 150 µm × 150 mm, BioBasic® C18, 5 µm, Thermo HypersilKeystone), coupled with a LCQ Deca XP ion-trap mass spectrometer. The buffers used in the gradient were Ultimate Buffer A, consisting of 0.1% formic acid in water, and Ultimate Buffer B, consisting of 0.1% formic acid in ACN. The Capillary High Performance Liquid Chromatography gradient was 180 min in length with the first 7 min comprising 97% of A, followed by 153 min ramping from 3 to 38% of B, and then 15 min ramping from 38 to 90% of B before a final 6 min of 90% of B. The flow rate of the gradient was 200 µl/L. The column effluent from the reverse phase column was analyzed by LCQ Deca XP ion-trap mass spectrometer.
Tandem mass spectrometry and protein identification
The MS data acquisition was performed in the positive ion mode. The detector mass range was set at 400 to 2000 m/z. During the scan, one full MS scan was followed by three MS/MS scans on the three most intense ions with the following settings: repeat count, 2; repeat duration, 0.8 min; exclusion duration, 3.0 min. The acquired MS/MS spectra were automatically searched against protein databases for bacteroidetes using the SEQUEST program in the BioWorks 3.0 softwaresuite (Thermo Finnigan, San Jose, CA, USA). An acceptable SEQUEST result must show a delta correlation score DCn of at least 0.1, defined as the difference between the normalized cross correlation (Xcorr) of the primary and secondary matches. Ranking of the primary score (Rsp) should have a cut of value of Rsp 4. A singly charged peptide must be tryptic, and the cross-correlation score (Xcorr) had to be at least 1.9. Tryptic or partially tryptic peptides with a charge state of 12 have an Xcorr of at least 2.2. Triply charged tryptic or partially tryptic peptides with a 13 charge state were accepted if the Xcorr was 3.75.
RESULTS
Comparison of organic/detergent and 1D SDS-PAGE protein solubilization methods
Tryptic digestion peptides from the organic/detergent solubilization and 1D SDS-PAGE separation were respectively analyzed by 2-DLC-MS/MS to determine which method would be better able to assess the surface proteome of P. gingivalis. To investigate the identity (ID) of the proteins, all of the MS/MS data files were analyzed using the NCBI Bacteroidetes databases. Most of the proteins identified reached 20 to 40% or more coverage. During the identification of peptides, Delcn related factors reached 0.1 or above, and Xcorr-associated factors reached 2 or more.
In the organic/detergent methods, just 59 proteins were identified from PgW83 (serotype III) (Appendix Table S1 -1). Though the 1D SDS-PAGE methods, 87 proteins were authenticated from PgW83 (Appendix Table S1 -2). Above all, more OMPs predicted by PSORTb (Yu et al., 2010) were detected in the 1D SDS-PAGE sample (20 proteins) than in the non-gel-based preparation fraction (11 proteins). Both the peptide fractionation workflows also contained some proteins predicted to be located in the cytoplasmic and inner membrane, as well as a large percentage of proteins with an unknown location based on PSORTb analysis (~52 and ~54%, respectively) ( Table 1) . Based on the comparison of predicted protein locations found in the organic/detergent solvent and 1D SDS-PAGE preparation samples, it appeared that the second method resulted in the largest number of unique proteins and OMPs.
Common outer membrane proteomes of four strains of P. gingivalis According to the above results, the remaining 3 kinds of P. gingivalis including ATCC 33277 (serotype I), 301 (serotype II) and 381 (serotype IV), were subsequently analyzed in the 1D SDS-PAGE gel. The protein bands were mainly located between 14.4 and 97 kD and the protein bands were evenly distributed within this molecular weight range. There were 5 for Pg 301, 10 clear bands for Pg 381, 8 for PgATCC33277, and 9 for PgW83 (Figure 1) . Separation of the peptides was achieved by capillary high performance liquid chromatography and identified using the total ion flow Figure 1 . Four membrane fractions pre-separated by SDS-PAGE. In the SDS-PAGE gel, four kinds outer membrane protein bands were mainly located between from 14.4 to 97 kDa, the gel were evenly divided into five protein bands for trypsin hydrolysis.
diagram (Figure 2A to D). 1D SDS-PAGE with in-gel digestion of the outer membranes followed by 2DLC-MS/MS allowed us to identify approximately 643 unique peptides and 87 unique proteins in Pg W83 (Appendix Table S1 -2). For the rest of the three strains, the respective numbers were as follows: 586 and 82 in Pg 301, 471 and 88 in Pg 381, 513 and 85 in Pg ATCC 33277 (Appendix Table S1 to 5). Of the proteins identified from four strains of P. gingivalis, the PSORTb algorithm predicted that 34 were localized to The OMP listed in bold were found in all strains the bacterial outer membrane. Of these OMPs, 9 proteins appeared in all four kinds of P. gingivalis, 4 in three kinds of P. gingivalis, 4 in two kinds of P. gingivalis, and 17 in at least one kind of P. gingivalis (Table 2) .
DISCUSSION
The first method in this study attempted to determine surface-exposed domains of OMPs through the use of a direct organic/detergent solubilization method of 'shotgun proteomics', an approach similar to that of Walters and Mobley (2009) . However, the number of proteins in the identification (59 from W83) and OMPs (11 from W83) was far away from the number we expected. To obtain more OMPs of P. gingivalis, the gel-based pre-digestion protein fractionation method 1D-SDS-PAGE', which was for the first time applied to Gram-negative bacterium, was used before gel-free 'shotgun proteomics'. This approach was able to identify 87 unique proteins and 20 proteins predicted to be located in the outer membrane at strain W83, the number of which was significantly increased compared with the first method. It is well-known that compared to the use of an organic solvent, the SDS can dissolve a wider range of proteins. Even when SDS is difficult to remove after protein digestion, the first dimension of separation based on ion-exchange chromatography in shotgun proteomics can resolve this problem. Thus, Walters and Mobley (2009) adopted both organic and detergent methods to solubilize the outer membrane and wish to get the majority of proteins being extracted from the membrane for analysis by 2-DLC-MS/MS. But, the result described here shows that maybe SDS buffers soluble and a conventional 1D-SDS-PAGE gel separation in combination would further avoid the problems of protein solubilization and low protein recovery rate during chromatographic separation.
On the other hand, a P. gingivalis vaccine requires identification of antigenic components shared by many clonal types of P. gingivalis. We then identified a total of 34 OMPs by 1D-SDS-PAGE/ 2-DLC-MS/MS technique in one time. As we know, the genome of P. gingivalis strain W83 is 2,343,479 bps, and more than 1,990 ORFs could be identified in the genome (Nelson et al., 2003) . It has been estimated that up to 2-3% of the gram-negative bacteria genome encodes outer membrane proteins (Wimley, 2003) , so there should be about 40 OMPs in P. gingivalis. A total of 34 types of OMPs were very close to the predicted number in P. gingivalis, and it indicated that our workflows were a viable research strategy.
P. gingivalis vaccine candidate antigens were investigated for the first time via the strategy of finding common OMPs. Nine proteins appeared in all four kinds of P. gingivalis. These properties make them attractive vaccine targets. In those common OMPs, the OmpA-like proteins Omp40/41 were assigned to protein spots at 40 and 41 kDa of P. gingivalis, which has been extensively studied (Veith et al., 2001) . Namikoshi et al. (2003) found that this 40-kDa OMP can induce specific antibodies which inhibit coaggregation by P. gingivalis, and showed a significant reduction of alveolar bone loss caused by oral infection with P. gingivalis. Moreover, the 40-kDa OMP plus native cholera toxin may be an effective nasal vaccine for the reduction of atherosclerosis accelerated by P. gingivalis in the hyperlipidemic mouse model (Maeba et al., 2005; Koizumi et al., 2008; Momoi et al., 2008) .
4 of the 9 common OMPs belong to TonB receptor complex, including the major outer-membrane protein RagA, which function as an active transporter of large degradation products of proteins and in part as a virulence factor (Hall et al., 2005) . The RagA mutants are significantly less virulent than wild-type strains in a murine model of infection (Shi et al., 2007) . Other putative TonB-linked outer membrane receptors, including Tlr and Tla, have also been described. Some of the previous studies about these proteins were related to their virulence and functions, but seldom have been investigated in antigen and immune protection (Slakeski et al., 2000) . Three common OMPs identified in this study were completely unknown hypothetical proteins PG1626, PG1414, and PG1006. Of these proteins, we intend to first conduct a research of protein-related functions further, and then study the possibilities of identifying a vaccine antigen.
The present research examined two protein prefractionation methods for the 'shotgun proteomics' analysis of P. gingivalis. It was found that 1-D gel SCX/RP 'shotgun' allowed us to identify more predicted OMPs than non-gel-based SCX/RP only. The results gained from the identification of these proteins on the bacterial surface may allow for the development of a vaccine aimed at preventing or reducing the severity of periodontitis caused by P. gingivalis. To this end, the work was underway on creating a vaccine based on the common outer membrane from four representative reference strains. We believe that some of them should have a potential for use as vaccine candidate antigens and can be applied in the development of a P. gingivalis vaccine. The method reported here offers a promising technique to identify the membrane proteome of bacteria expressed under a given condition that may prove valuable in vaccine creation and could aid in the development of further applications to determine the surface-exposed portions of proteins. 
APPENDICES
